Background. Mycobacterium abscessus and Mycobacterium massiliense, which cause lung disease, are variable in their clinical manifestation and progression. We hypothesized that mycobacterial genotypes represent their pathogenic phenotypes, which would result in particular genotypes being associated with disease progression.
with M. massiliense than in those with M. abscessus lung disease [9] [10] [11] .
The traditionally recognized presentation of NTM lung disease is apical fibrocavitary lung disease [1] . This type of disease usually develops in older males with underlying lung disease, such as previous tuberculosis. Alternatively, NTM lung disease can present with nodular infiltrates that frequently involve the right middle lobe or lingular segment of the left upper lobe. This form of disease is termed "nodular bronchiectatic disease," and it occurs predominantly in postmenopausal, nonsmoking females and tends to have a much slower progression than cavitary disease [12, 13] .
A diagnosis of NTM lung disease does not necessitate the initiation of antibiotic therapy, which is a decision that is based on the potential risks and benefits of therapy for individual patients [1] . There is a wide range of clinical manifestations in patients with NTM lung disease; patients may remain stable for years or the illness may progress rapidly [2] [3] [4] [5] . However, little is known regarding the mycobacterial factors that determine the clinical course of M. abscessus and M. massiliense lung disease.
Previous studies revealed an extensive genetic divergence within NTM species [14, 15] . This finding suggests that particular subgroups of mycobacterial strains may be associated with the pathogenesis of NTM infection [16] . Variable number tandem repeat (VNTR) analyses have been used for the molecular genotyping of mycobacterial species and species discrimination [17] [18] [19] . A recent study revealed that specific VNTR genotypes were associated with disease progression in Mycobacterium avium lung disease [20] . However, the clinical implication of mycobacterial genotyping has never been studied in other NTM lung disease. The recent availability of the complete genomic sequence of M. abscessus has made the identification of informative VNTR loci for species-level identification possible [19, 21] . In this study, we performed VNTR genotyping for the clinical isolates of M. abscessus and M. massiliense and determined whether there was any association between the mycobacterial genotype and disease phenotype and progression.
METHODS

Study Subjects
Patients with M. abscessus and M. massiliense lung disease and the stored isolates were identified from January 2001 to December 2008 using the database of the NTM Registry of Samsung Medical Center (a 1950-bed referral hospital in Seoul, Korea) [9] .
During this 8-year period, 189 patients were diagnosed with M. abscessus or M. massiliense lung disease, after excluding 13 patients with mixed infection with M. avium-intracellulare and rapidly growing mycobacteria. All clinical isolates of M. abscessus and M. massiliense were recovered from patients who met the diagnostic criteria of the American Thoracic Society for NTM lung disease [1] . Patients without stored isolates (n = 22), patients with previous treatment for NTM disease (n = 28), patients with a concurrent malignancy (n = 17), and patients who were followed up for less than 24 months (n = 11) were excluded. Therefore, 111 patients were included in this study. The etiologic organisms included M. abscessus in 53 patients and M. massiliense in 58 patients. No patients were positive for the human immunodeficiency virus. M. abscessus and M. massiliense were identified as previously described (see Supplementary Material) [9, 19, 22, 23] . Permission was obtained from Samsung Medical Center's Institutional Review Board to review and publish information from the patient records.
The study population was divided into 2 cohorts according to the study period. Initially, VNTR profiles were determined in the development cohort, which consisted of 48 isolates of M. abscessus (n = 24) and M. massiliense (n = 24) that were obtained from patients who were diagnosed from January 2001 to December 2004. After the VNTR genotyping and assay optimization were evaluated in this development cohort, genotyping analyses were validated in the isolates with M. abscessus (n = 29) and M. massiliense (n = 34), which were obtained from patients who were diagnosed between January 2005 and December 2008.
Patient Management Data Analysis
We classified chest radiography and high-resolution computed tomography findings obtained at the time of diagnosis as showing either fibrocavitary disease or nodular bronchiectatic disease (see Supplementary Material) [2, 9, 10] .
Disease progression was determined by using the time interval between date of diagnosis and initiation of antibiotic therapy. We determined whether the condition was progressive (treatment required within 24 months of diagnosis) or stable (treatment delayed until after 24 months); these criteria were slightly modified from the previous study (see Supplementary Material) [20] .
VNTR Genotyping and Phylogenetic Analysis
Tandem-repeat-containing loci with a high allelic diversity in the genome sequence of M. abscessus ATCC19977 T (GenBank accession no. CU458896.1) were selected using the tandem repeat finder program (http://tandem.bu.edu/trf/trf/html); the number of repeat units of each isolate was determined by polymerase chain reaction as previously described (see Supplementary Material) [19] . Information regarding the VNTR loci that were selected for each species is provided in Supplementary  Table 1 and Figure 1 . VNTR genotyping assays were performed without knowledge of the clinical information of patients. Next, we analyzed the disease phenotype, disease progression, and phylogenetic relationships between the clinical isolates. The phylogenetic distribution was generated according to the genotypic diversity of the clinical isolates using a neighbor-joining algorithm (see Supplementary Material).
Statistical Analysis
All data are presented as the medians and interquartile ranges for the continuous variables and as numbers ( percentages) for the categorical variables. The data were compared using Student t test for the continuous variables and a χ 2 or Fisher exact test for the categorical variables. The accuracy rates were used to evaluate clustering performance [24] , and the 95% confidence intervals for accuracy rates were computed using the method developed by Clopper and Pearson for exact smallsample inference [25] . The probability of disease phenotype and progression from the stable disease was calculated by the logistic regression analysis as previously described [20] . All statistical analyses were performed using SAS, version 9.1 (SAS Institute, Cary, NC); a 2-sided P < .05 was considered significant.
RESULTS
Patient Characteristics
The baseline characteristics of the patients are summarized in Table 1 . No significant differences were found between the development cohort and the validation cohort regarding any of the baseline characteristics in patients with M. abscessus and M. massiliense lung disease. In addition, distributions of the radiographic type of disease were similar: the majority of patients with M. abscessus (46/53, 87%) and M. massiliense (44/ 58, 76%) lung disease had the nodular bronchiectatic form of the disease. All patients with the fibrocavitary form of M. abscessus (7/ 53, 13%) and M. massiliense (14/58, 24%) received antibiotic therapy after diagnosis of disease. In patients with the nodular bronchiectatic form of M. abscessus lung disease, 52% (24/46) of patients were treated within 24 months of diagnosis because of the progression of the disease, and treatment was withheld for more than 24 months in 48% (22/46) of patients because of the stable course of the disease. In patients with the nodular bronchiectatic form of M. massiliense lung disease, 39% (17/44) of patients were treated within 24 months of diagnosis, and 61% (27/44) of patients were followed without antibiotic treatment for more than 24 months. The overall proportion of patients who received antibiotic therapy at 24 months was similar Abbreviations: AFB, acid-fast bacilli; CRP, C-reactive protein.
The data are expressed as the median (interquartile range) or the number (%).
strain, the VNTR profiles were determined for 25 M. abscessus isolates and 25 M. massiliense isolates. Thirty VNTR loci were amplified from each isolate obtained from patients in the development cohort, and allele sizes were determined by electrophoresis (Supplementary Figure 2) . As a complementary analysis of the 30 candidate VNTR loci, 9 VNTR loci (Mab-1, 4, 7, 9, 14, 18, 23, 24, and 28) for M. abscessus and 10 VNTR loci (Mab-1, 4, 7, 11, 14, 18, 21, 24, 28, and 29) for M. massiliense were selected for VNTR genotyping. The selected loci for each species yielded a high discriminatory index (h) with great allelic variations in clinical isolates of each species (h > 0.84; Supplementary Tables 2 and 3 ).
In the phylogenetic tree, 25 M. abscessus isolates and 25 M. massiliense isolates were grouped into 3 major clusters that were designated as A, B, and C ( Figure 1A and 1B) . The reference strains M. abscessus ATCC19977 T and M. massiliense CIP108297 T were unaffectedly located in cluster A. As shown in Table 2 , patients with the stable or progressive nodular bronchiectatic form of the disease were grouped in cluster A or B, respectively. All patients with the fibrocavitary form of M. abscessus and M. massiliense lung disease were grouped in cluster C.
Genotyping and Clustering Analysis in a Validation Cohort
The established genotyping assay, which was based on the VNTR profiles, was used to evaluate 29 M. abscessus isolates and 34 M. massiliense isolates that were recovered from patients in the validation cohort. All isolates of each species were grouped into clusters A, B, and C (Figure 2A and 2B) . Similar to the initial development cohort, all patients with the fibrocavitary form, except 1 patient who had M. massiliense lung disease, were grouped into cluster C. Patients with the stable or progressive nodular bronchiectatic form were more likely to be grouped into cluster A or B, respectively (Table 3 ). Mycobacterium abscessus (n = 24) Cluster A (n = 10) 10 100% (59.1%-100%) Cluster B (n = 10) 10
Cluster C (n = 4) 4 Mycobacterium massiliense (n = 24)
Cluster A (n = 7) 7 100% (59.1%-100%)
Cluster B (n = 10) 10
Cluster C (n = 7) 7
Abbreviation: CI, confidence interval. 
Clinical Relevance of the Genotypic Diversity in an Entire Cohort
To determine whether genetic distances of the clinical isolates in each cluster could predict disease phenotype and progression, we performed logistic regression analysis using M. abscessus ATCC19977 T and M. massiliense CIP108297 T , which belonged to the cluster of the stable disease of each species, as clinically unbiased standards to estimate the Manhattan distances of the individual isolates of each species. Among the 53 M. abscessus clinical isolates, the genetic distance between each clinical isolate and the reference isolate was associated with the highest likelihood of disease progression ( patients with the progressive nodular bronchiectatic form vs patients with the stable nodular bronchiectatic form, P < .001; patients with the progressive nodular bronchiectatic form vs patients with the fibrocavitary form, P < .001; Figure 3A) .
The same analysis was performed for the M. massiliense isolates. Among the 58 M. massiliense clinical isolates, the genetic distance between each clinical isolate and the reference strain was associated with the highest likelihood of disease progression ( patients with the progressive nodular bronchiectatic form vs patients with the stable nodular bronchiectatic form, P < .001; patients with the progressive nodular bronchiectatic form vs patients with the fibrocavitary form, P < .001; Figure 3B ).
DISCUSSION
In this study we examined more than 100 patients with M. abscessus or M. massiliense lung disease and found that M. abscessus and M. massiliense isolates with a distinctive VNTR profile resulted in destructive and progressive disease. The M. abscessus and M. massiliense isolates from the fibrocavitary and nodular bronchiectatic forms were clustered differently. Among the clinical isolates from patients with the nodular bronchiectatic form, the isolates from patients with progressive disease and the isolates from patients with stable disease were clustered differently. Therefore, VNTR-based genotyping of M. abscessus and M. massiliense isolates could be a useful strategy for predicting disease progression.
A diagnosis of NTM lung disease does not always require antibiotic therapy [1] . Treatment may require long-term antibiotic and often complicated treatment, especially for M. abscessus lung disease [2] [3] [4] [5] . Patients may meet the diagnostic criteria but not have progressive or severe disease; therefore, these patients are closely monitored with regular sputum collection [1] . In previous studies, long-term antibiotic therapy was administered to approximately 50% of patients after a diagnosis of M. abscessus or M. massiliense lung disease [2, 9] . Physicians may opt for a "wait and see" approach before prescribing antibiotics, even after disease recognition, because of the reported low treatment efficacy and high drug toxicity [7, 26] .
Mycobacterial virulence and host predisposition influence the progression of NTM lung disease [1] . The strain-specific virulence of M. avium complex was implicated in disease progression in a previous study of M. avium serovar 4, which was isolated from patients [27] . A clinical strain that was derived from patients with progressive M. avium complex lung disease exhibited strong virulence [16] . In addition, several M. massiliense strains have been invasive and pathogenic in postsurgical outbreaks [28, 29] . Moreover, a recently published study of 37 patients with M. avium lung disease in Japan revealed that Figure 2 . Validation of the association between the mycobacterial genotype, which was based on VNTR profiling data, and the radiographic type of disease and disease progression in a validation cohort. The phylogenetic clustering of the (A) Mycobacterium abscessus (n = 29) and (B) Mycobacterium massiliense (n = 34) clinical isolates in the validation cohort are displayed as 3 major branches: clusters A, B, and C as demonstrated in Figure 1 . Patients with the fibrocavitary form were more likely grouped into cluster C, and patients with the stable or progressive nodular bronchiectatic form were more likely to be grouped into cluster A or B, respectively (P < .001). The scale bar at the bottom indicates the Manhattan distance.
specific genotypes of M. avium were associated with disease progression [20] . However, these preliminary findings have not been validated in a large cohort or with other etiologies of NTM lung disease.
Some studies have been conducted to understand the host factors that are involved in determining the clinical course of NTM lung disease [30] [31] [32] [33] . However, no host predictors for disease progression of M. abscessus and M. massiliense lung disease have been clearly established to date. Therefore, we hypothesized that the progression of M. abscessus and M. massiliense lung disease depends on the mycobacterial genotype of the clinical isolates.
This study was based on the identification of VNTR loci in the preliminary M. abscessus genome and the polymorphisms of the most interesting VNTR loci candidates using the clinical isolates and reference strains of M. abscessus and M. massiliense. To differentiate the patients with stable and progressive disease, 9 and 10 VNTR loci were selected for the M. abscessus and M. massiliense isolates, respectively. The VNTR analysis exhibited a Hunter-Gaston's Discriminatory Index value >0.84 (see Supplementary Material), which suggests that this method is highly informative and possesses great discriminatory power for the identification of genetically similar strains. The association between the mycobacterial genotype and disease progression Cluster B (n = 11) 4 7 Cluster C (n = 6) 6
Abbreviation: CI, confidence interval. , respectively. To determine whether the individual characteristics of disease could be discriminated based on the VNTR genotype, a comparison was made between the patients with stable and progressive disease of the nodular bronchiectatic form and the fibrocavitary form. The horizontal bar through each scatter plot indicates the mean value of genetic distance for the group. *P < .05 and ***P < .001 were considered significant. was confirmed in the validation cohort. These results provide compelling evidence that the VNTR profiles of M. abscessus and M. massiliense isolates could serve as a potential predictor of disease progression.
Patients with NTM lung disease fall into 2 general categories: fibrocavitary and nodular bronchiectatic disease. [1] . Traditionally, fibrocavitary lung disease occurs in patients with preexisting lung lesions, including chronic obstructive pulmonary disease and previous tuberculosis. This type of disease leads to massive lung destruction over a period of several years. Host factors are important in the development of fibrocavitary and nodular bronchiectatic disease. Interestingly, we found that the patients in our study with the fibrocavitary form differed significantly from the patients with the nodular bronchiectatic form of M. abscessus and M. massiliense lung disease based on the VNTR profile classification. All M. abscessus isolates (7/7, 100%) and the majority of M. massiliense isolates (13/14, 93%) from the fibrocavitary form were grouped into cluster C. We previously reported that M. abscessus isolates from fibrocavitary disease are more virulent than isolates from nodular bronchiectatic disease [34] . The results from this study were consistent with our previous observations. In addition, our results suggest that particular mycobacterial genotypes are more closely associated with disease progression and phenotype. Thus, mycobacterial genotypes could be important factors that are involved in the pathogenesis of M. abscessus and M. massiliense lung disease.
Of note, the majority of M. abscessus and M. massiliense isolates recovered from the fibrocavitary form showed a rough morphotype, whereas a significant correlation between bacterial surface morphotype and disease progression was not found among the isolates recovered from the nodular bronchiectatic form in our study. It is well documented that some M. abscessus strains are more invasive and induce a more vigorous host immune responses, which is dependent on their surface glycopeptidolipid production [35, 36] . In addition, some VNTR regions are associated with certain virulence factors, including cell wall biosynthesis, cell wall biogenesis, and lipid metabolism (Supplementary Table 4) . Thus, further studies to investigate polymorphisms of the VNTR loci or adjunct regions should be performed to determine any association with pathogenesis.
This study has several limitations. First, it was conducted at a single center; therefore, it was not representative of conditions throughout Korea due to referral bias. In addition, there have been reports of mycobacterial diversity across geographical distributions [37] ; thus, the usefulness of the VNTR genotyping assay in other countries should be verified by determining the association between VNTR loci and clinical outcomes in these countries. Second, this study did not include all consecutive patients who were diagnosed with M. abscessus and M. massiliense lung disease during the study period. Patients whose isolates were not kept in storage and patients who were followed up for <24 months were excluded from this study. Exclusion of these patients could represent a potential bias. Third, the decision to initiate long-term combination antibiotic therapy did not depend on firmly established objective criteria. However, we believe that the probability of bias was distributed equally among patients with specific VNTR genotypes because information regarding the mycobacterial genotypes was not available to the attending physician during the study period. Finally, this study was preliminary because we did not identify the mechanism of virulence of the clinical isolates with specific genotypes.
In conclusion, this study provides evidence that M. abscessus and M. massiliense genotypes influence clinical disease phenotype and disease progression. The development and progression of M. abscessus and M. massiliense lung disease may depend on the balance between mycobacterial virulence and host defense. Future studies of the genetic differences between the M. abscessus and M. massiliense isolates described in this study may reveal new insights regarding the pathogenicity of these difficult-to-treat mycobacteria.
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